A systematic study of zeolite precursor gels, zeolites, and products of their recrystallization to ceramics was carried out in presence of various alkali ions. The investigation of radiation damage induced by high-energy ion beam irradiation with swift heavy ions (Bi ions at 670 MeV energy with 4×10 12 ion/cm 2 fluence) was also included. The shortening of lifetimes found after irradiation in ceramics might probably be ascribed to interactions of o-Ps with free radicals and other quenching agents created through the ion irradiation. These lifetime-shortening interactions probably partly hide the o-Ps trapping in free volume sites.
Positron and Positronium Trapping in
Heat Treated Zeolites (Ceramics), the Effect of Swift Heavy Ion Irradiation 
Introduction
Due to positron and positronium trapping in free-volume sites, positron annihilation lifetime spectroscopy (PALS) allows the investigation of structural imperfections. For trapped long-lived ortho-positronium (o-Ps) states the lifetimes (LT) correlate with the size and the relative intensities with the concentration of the extended traps. Models were developed for spherical [1, 2] , rectangular [3] and cylindrical [4] shapes. In this work structural changes were investigated, also on swift heavy ion-irradiated zeolites and ceramics.
Experimental
The samples were prepared in Zagreb, PALS measurements were performed in Budapest and Zagreb, the swift ion irradiations were done in Dubna. Gel samples (type III) were obtained by mixing the silicate and aluminate components at room temperature (RT). This gel was hermetically closed and heat treated at 373 K for 240 min, yielding in the sodium form of zeolite A (or LTA). The preparation of the samples and the exchange of Na + with NH
+ , and Cu + is described in Refs. [5] [6] [7] [8] . The zeolite powders were pressed at 7.540 MPa into tablets. Recrystallization of zeolite samples to ceramics was performed by high-temperature baking out at the exothermic peak temperatures, determined by differential scanning calorimetry (DSC). The ceramics samples were irradiated (up to a penetration depth of ca. 20 µm) with Bi ions at 670 MeV energy with 4 × 10 12 ion/cm 2 fluence. After irradiation, long enough waiting times were observed to allow for the decay of short-lived radioactivity of the irradiated samples. The samples were prepared sandwiching the 22 Na source (0.5-2.0 MBq packed mid thin Ti or Al foils) between two tablets, wrapped in Al-foil. LT measurements were performed in vacuum at RT, and also after heat treatment in vacuum at 533 K and 593 K to ensure degassing of water. The fast-fast coincidence ORTEC LT spectrometer (featuring XP 2020 URQ photomultipliers equipped with 1 × 1 NE111 and BaF 2 scintillators, respectively) assured efficient recording of 3γ-events [9] with ca. 260 ps FWHM resolution for 60 Co. In those cases, where no long-lived lifetime components were observed, the LT spectra were collected with lower detection efficiency but better time resolution (210 ps FWHM for 60 Co). For samples with long lifetime components a time range of 1 µs, for the "short lifetime" cases 100 ns or 50 ns ranges were selected. Integral counts of 3 × 10 6 −1 × 10 7 were collected. The LT spectra were recorded in a Microfast 16k PC MCA and were analyzed with the LT (v. 9) program [10] .
Results and discussion
It was found that a satisfactory LT fit for zeolite precursor gels requires in most cases four lifetime components, for τ 1 (combining p-Ps and e + annihilations) typically 0.2-0.5 ns, for τ 2 (denoting o-Ps trapped in microvoids) ca. 0.9-1.5 ns, for τ 3 (resulting from o-Ps decaying in internal channels of the zeolites) approximately 5-10 ns and for τ 4 (probably originating from o-Ps decaying in the intergrain space) up to 40-90 ns. The latter components have relatively high intensities (4-5%) in gel samples (Table) . The different alkali ions have different size, which probably cannot modify much the long lifetime components due to geometrical effects but may influence the o-Ps interactions through the modified electron structure. For high temperature heat treated zeolite samples the porous structure recrystallized to a compact one, reflected in a reduction of the long components as shown in Table, also listing the heat treatment temperatures and the resulting structures.
In the case of dense solids swift heavy ion irradiation can induce longer lifetime components due to the free volume generated by the ion tracks. However, the lifetimes became shorter after irradiation than they were before for the samples in Table, the longest components practically disappeared (Fig. 1) . The LT Fig. 1 . LT spectra of the reference (un-irradiated) and irradiated sodium A-type zeolite (recrystallized at 1173 K). The samples were heat treated in vacuum at 533 K. measurements were repeated after vacuum heat treatment at higher temperatures (593 K instead of 533 K). The results did not change substantially, in accordance with earlier results published for similar samples [11] . The thickness of the samples is 3 mm, larger than the primarily ion-irradiated and destroyed region, positrons from the 22 Na penetrate deeper into the samples than the Bi ions. The other, non-irradiated side of the samples was also measured and no significant differences were found. X-ray diffraction (XRD) spectra showed that after irradiation the X-ray peaks were only slightly shifted as compared to the non-irradiated samples, revealing the presence of stress but also that the crystal structure survived the irradiation, i.e., the disappearance of the long lifetime components cannot result from structural changes. A similar lifetime shortening in alumina powders due to irradiation was reported in [12] and it was ascribed to quenching of surface-bound o-Ps by irradiation-created interstitial atoms migrating to the surface. Similar effects were interpreted as a consequence of reaction with paramagnetic centers on the surfaces in SiO 2 [13] and in fine oxide grains [14] . Our samples are rich in internal grain surfaces and they contain elements (Al, Si, O) suitable for these effects. The long-lived o-Ps can take part in spin-conversion processes also with unpaired electrons [15] [16] [17] . In our case, the F-centers or dangling bonds of Si created by the secondary γ and X-ray radiation can behave as unpaired electrons. The "equality" of LT spectra recorded from the face and the back side of the samples might be explained recapitulating that the swift heavy ion irradiation has activated the sample and during the decay of the short-lived radioactive isotopes their radiation may fully penetrate the sample volume creating a homogeneous distribution of the agents referred to above.
Conclusions
PALS is a sensitive method for free-volume investigation but in irradiated samples special care is needed. The long-lived o-Ps can take part in various conversion interactions facilitated by different irradiation-induced defects and also by the presence of internal grain surfaces probably enriched in the radiation-induced Ps-quenching agents. These effects result in short lifetimes, and can obscure the free volume sensitivity of PALS. Although the LTA structure itself ensures the trapping sites accommodating long-lived o-Ps states due to the interactions of o-Ps with the agents set free by the swift heavy ion irradiation, those trapping sites become hidden. However, the significant reduction of the long lifetime components may give a possibility to monitor the radiation damage with PALS.
The results presented here on ceramics and irradiated ceramics represent only a part of the systematic studies still in progress.
